A porous hydroxyapatite (p-HAp) was prepared and employed for the removal of lead(II) ions at different concentrations from aqueous solution to determine the adsorption properties of p-HAp and compare them with those of a commercial hydroxyapatite (CAp) sample. The kinetic data obtained indicated that the adsorption performances of the adsorbents depended both on their specific surface area and crystallinity. Complexation of the Pb(II) ion on the adsorbent surface favoured the dissolution of hydroxyapatites characterized by a Ca/Pb molar ratio in the 0.85-1.5 range. The maximum adsorption capacity of p-Hap for Pb(II) ions at 30 ± 2 o C was 2.30 mmol/g relative to 1.38 mmol/g for the commercial compound Cap at the same temperature. The higher capacity of p-HAp was explained in terms of its porosity and crystallinity. The Pb(II) ions sorption results could be modelled by the Langmuir and Freundlich isotherms.
INTRODUCTION
The removal of toxic chemicals from water streams is becoming an essential issue with the increasing development of industrial activities. Metal salts constitute an important class of anthropogenic pollutants discharged into the environment on a large scale. Of these metal salts, those of Pb(II) play a key role since lead poisoning is still the most common disease of environmental origin in the United States despite the ban on Pb(II) additives in paints and tetra-alkyl lead(IV) derivatives in gasoline [Godwin 2001; Warren et al. 1998; Pauza et al. 2005; Chisolm 1978; CDC Publ. No. 02-0716 (2003) ]. It is commonly recognized that the high toxicity of lead is related to its interference in the metabolism of essential elements such as calcium, iron and zinc in vertebrates (Martin 1994) . Given the environmental availability of lead, the development of new immobilization methods and extraction processes are therefore of considerable practical interest (Cuenot et al. 2005; Yordanov et al. 1998; Chiron et al. 2003; Peric et al. 2004; Jelinek et al. 1990; Ma et al. 1993) .
Previous investigations have highlighted the ability of various apatites to adsorb Pb(II) and other toxic metal ions from aqueous solution (Takeuchi and Arai 1990; Vincent et al. 1994; Nu et al. 1994; Mandjiny et al. 1995; Ma et al. 1994) . This is a consequence of the lower solubility of Pb(II) apatites relative to other lead-containing minerals. Moreover, this class of compounds is highly tolerant towards calcium substitution by a large number of other cations in the crystal lattice. The formation of the more stable solid solutions of Pb(II) apatite with the general formula Ca 10 -x Pb x (PO 4 ) 6 (OH) 2 via an ion-exchange mechanism facilitates the removal of Pb(II) ions from aqueous solution, since dissolved Pb(II) ions replace the Ca 2+ cations incorporated in the hydroxyapatite lattice. However, the precise mechanism involved in lead immobilization has not yet been clearly identified. The first possible route corresponds to dissolution/precipitation whilst, for the second, the Pb(II) ion would be firstly adsorbed onto the apatite surface before diffusing into the solid where exchange with a Ca 2+ ion could occur, leading finally to the release of the latter ion into the aqueous solution.
A series of Pb(II) ions adsorption experiments were undertaken in this study. Two hydroxyapatite types were selected in order to determine (i) the retention capacity of Pb(II) ions from aqueous solution and (ii) to elucidate the influence of the texture (i.e. porosity) and crystallinity of the HAp adsorbents. The first solid sorbent studied was a porous hydroxyapatite (p-HAp) possessing a high specific surface area (235 m 2 /g) that was prepared according to our previously published procedure (El Hammari et al. 2004a,b) , while the second compound, denoted hereafter as CAp, had a lower specific surface area (61 m 2 /g) and was of commercial origin. The purpose of the present work was to compare the adsorption properties of both HAps towards Pb(II) ions from aqueous solution. The experimental adsorption isotherms were interpreted according to the classical models of Langmuir and Freundlich. The relationships between the dissolution capacity, the crystalline structure of the hydroxyapatite and the Pb(II) ions sorption efficiency have a bearing on which form of hydroxyapatite should be used as a potential removal agent for Pb(II) ions from wastewaters.
MATERIALS AND METHODS

Materials
Porous hydroxyapatite (denoted as p-HAp) was synthesized following a modified chemical wet method according to our procedure reported elsewhere (El Hammari et al. 2004a,b) . The commercial hydroxyapatite (denoted as CAp) was purchased from Acros and used as a model crystallized hydroxyapatite. Hydroxyapatite CAp was dried at 100°C over a period of 2 d before use. The main characteristics of p-HAp and CAp are listed in Table 1 . In particular, the specific surface area (SSA) found for p-HAp was significantly higher than that measured for the commercial sample (SSA = 61 m 2 /g).
Instruments and analytical methods
Nitrogen adsorption isotherms were recorded at -196°C using a Micromeritics ASAP 2010 instrument. The specific surface areas (SSAs) were calculated according to the Brunauer-Emmett-Teller (BET) method using adsorption data obtained over the relative pressure range 0.05-0.25P/P 0 . Infrared spectra were measured at 2 cm -1 resolution from 4000 cm -1 to 400 cm -1 via a Bruker IFS 66v Fourier transform spectrometer using KBr pellets. Solid powders were further characterized by X-ray diffraction studies using a Philips PW131diffractometer.
All pH measurements were made with a PHM 240 (Radiometer) pH meter equipped with a Red Rod pHc2401 (Radiometer) Ag/AgCl combined glass electrode filled with a saturated KCl solution. The electrode was calibrated with commercial buffers (pH = 4.0, 7.0 and 10.0) purchased from Acros. The total phosphorus content was assayed by absorption photometry after formation of the yellow vanadomolybdic complex (λ max = 460 nm) (Charlot 1984) . Visible absorption spectra and optical density measurements were performed on a Cary 50 (Varian) spectrophotometer. The calcium and lead concentrations were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) using a Vista AX (Varian) simultaneous spectrometer equipped with a concentric nebulizer, cyclonic spray chamber and an axial quartz torch. Typical instrumental settings were as follows: generator power = 1.3 kW; plasma gas flow rate = 13.5 l/min; auxiliary gas flow rate = 1.5 l/min; nebulizer pressure = 180 kPa; stabilization time = 15 s; integration time = 30 s; number of replicates = 3. The analytical method was adapted from the NF EN ISO 11885 European norm. All samples were acidified to 2% with ICP-grade HNO 3 (TraceSelect 69.5%, Fluka). The instrument was calibrated with a blank and four standard solutions prepared from commercially available 1 g/l stock solutions (Spectrascan) by dilution using class A volumetric glassware. Detection limits in 2% acidified water solutions were estimated as 2 µg/l for lead and calcium.
Adsorption experiments
Lead(II) ion solutions of various concentrations were prepared by dissolving Pb(NO 3 ) 2 (Aldrich) in distilled water. The test solutions (100 ml) of desired Pb(II) ions concentration and pH were equilibrated in a thermostatic water bath at 30°C and stirred magnetically (150 rpm) before the addition of 0.2 g apatite. In order to simulate an industrial effluent, the initial pH was adjusted to 3.00 using 0.1 M or 1 M HNO 3 or NaOH solutions. Adsorption studies were carried out at different initial Pb(II) ions concentrations whilst maintaining the adsorbent dosage constant. During each experiment, small aliquots (0.5 ml) were withdrawn at regular time intervals, filtered through a 0.2 µm membrane and analyzed in order to determine their total Ca, Pb and P content. The quantity of adsorbed Pb(II) at time t was calculated as the difference between the initial (C 0 ) and the final (C t ) molar concentrations according to the formula:
(1)
where m and V correspond to the mass of solid introduced and the total volume of the test solution, respectively. The solids collected at the end of the experiments were characterized by X-ray diffraction and infrared spectroscopic measurements. Figure 1 shows the change of pH with time for hydroxyapatite suspensions measured in the presence or absence of Pb(II) ions. In each case, the initial pH value was adjusted to 3.00 whether or not Pb(NO 3 ) 2 was added. In the absence of Pb(II) ions, an equilibrium situation was established rapidly within a few minutes when Cap was present as the adsorbent, whereas stabilization of pH required ca. 1 h in the presence of p-HAp. The latter compound also exhibited a higher solubility as demonstrated by the more pronounced increase in pH generated by the partial dissolution of the solid and the concomitant release of hydroxide ions into the solution. The presence of a Pb(II) ion concentration of 5 mmol/l in the aqueous solution led to a decrease in the value of the equilibrium pH by ca. 2 pH units. This decrease in pH was much smaller when the commercial solid Cap was employed. The release of Ca 2+ ions into the solution during the experiment supports a dissolution mechanism. In contrast, phosphate could not be detected at any time during the experiment, indicating the rapid formation of an insoluble mineral at the interface. The higher solubility of the porous hydroxyapatite in the presence of Pb(II) ions can be explained by a difference in the surface basicity and by the formation of Pb 10 (PO 4 ) 6 (OH) 2 (PbHAp) precipitates which coat the surface of the particles (Mavropoulos et al. 2002 ). X-Ray powder diffraction studies showed that the newly formed phase was hydroxypyromorphite [Pb 10 (PO 4 ) 6 (OH) 2 ] which precipitated at pH values of ca. 6-7 ( Figure 1 ). According to the surface complexation model, the important negative charge build-up on the solid surface favours an increase in the extent of Pb(II) ions sorption (Arnich et al. 2003; Gregg and Sing 1982; Ng et al. 2003) . 
RESULTS AND DISCUSSION
Variation of pH during dissolution of the porous hydroxyapatite p-HAp
Adsorption kinetics
The kinetics of Pb(II) ion depletion in aqueous solution by apatite sorbents were also studied and the results are presented in Figures 2-4 . The time required to reach equilibrium was less than 20 min in all case and varied with the initial Pb(II) ions concentration. From Figure 2 , it is seen that at initial Pb(II) concentrations of 2.0 and 4.0 mmol/l, Ca 2+ /Pb 2+ exchange was complete since the final Ca/Pb molar ratios were above unity. However, at higher initial Pb(II) concentrations, the retention capacity of p-HAp was not quantitative and depended on the total amount of Pb(II) ions to be exchanged.
On the basis of the Ca/Pb molar ratios and the pH changes observed in the presence and absence of Pb(II) ions, it was concluded that Pb(II) ions uptake occurred principally according to a dissolution/precipitation mechanism. However, when the Ca/Pb ratio was below unity, a complexation mechanism where Pb 2+ ions were adsorbed onto the p-HAp surface could not be excluded. Thus, Pb(II) ions uptake occurred via several pathways, including surface complexation, ion-exchange and precipitation. Exchange was also favoured, in general, by the high porosity displayed by the hydroxyapatites, and more specifically by p-HAp. The quantities of released Ca 2+ ions and the pH variations were consistent with an ion-exchange process. It is clear from Figure 2 that the Ca 2+ ions concentration depended on the initial Pb(II) ions concentration and that the Ca/Pb molar ratio varied from 0.8 to 1.5. These results indicate a combination of several Pb(II) ions immobilization routes with some of the ions being possibly taken up following other surface reactions, such as adsorption or complexation.
Influence of specific surface area and crystallinity
High surface area is inevitably related to a high porosity and both parameters are essential when discussing adsorption phenomena and ion-exchange capacities. Table 2 summarizes the amount of Pb(II) ions adsorbed from an aqueous solution by p-HAp and CAp. These data clearly show that the greater removal capacity of porous p-HAp relative to the commercial CAp hydroxyapatite was related to its greater specific surface area (SSA = 235 m 2 /g and 61 m 2 /g for p-HAp and CAp, , 2.0 mmol/l; ᭡, 3.08 mmol/l; ᭜, 4.0 mmol/l; ×, 5.0 mmol/l. respectively). The porous hydroxyapatite used in this work had a much higher specific surface area compared with most of the apatitic materials discussed in the literature for which the SSA values apparently do not usually exceed 80 m 2 /g.
To further assess the influence of the porosity and crystallinity on the Pb(II) ions uptake capacity, a sample of p-HAp initially dried overnight at 100°C was calcined for 3 h at 800°C. The resulting powder, labelled p-HAp800, was characterized by BET and XRD measurements. As expected, annealing resulted both in a dramatic decrease in the porosity and a consequent enhancement in crystallinity, as demonstrated by the low SSA value of 89 m 2 /g. Both factors may be advanced as an explanation for the reduced uptake capacity of the p-HAp800 sample relative to the porous materials examined. Both the performance and textural characteristics of the calcined material were approximately the same (if not equal) to those obtained for the commercial compound (Table 2) .
Lead(II) ions uptake isotherms
The isothermal distribution of a solute in equilibrium with solid phases can be described by various mathematical models, the most common ones being those of Langmuir and Freundlich. In this study, we attempted to model the immobilization of Pb(II) ions by the hydroxyapatites studied using both expressions in order to find which was the most appropriate. The linear version of the Langmuir equation may be written as:
( 2) where C e and C a correspond to the solution equilibrium and the adsorbed concentrations of Pb(II) ions, respectively, C m is the surface capacity and b is a constant characteristic of the adsorbent. The data sets were also fitted by the Freundlich isotherm which is a purely empirical model. In the latter case, analysis was achieved by linear regression using a bilogarithmic transformation: ln C a = ln K f + 1/n ln C e
where K f and n are empirical constants. The experimental data and simulated isotherms corresponding to the best parameters for each model are presented in Figure 5 . The Langmuir (C m and b) and Freundlich (K f and 1/n) constants were derived from the slope and intercept of the corresponding linear plots. Numerical values for these constants are presented in Table 3 together with the corresponding correlation coefficients (R 2 ). According to this index, the Langmuir isotherm appears to be a more suitable equation for modelling the experimental data recorded for both hydroxyapatite samples. Similar findings have also been reported for the adsorption of heavy metal ions onto silica (Peric et al. 2004 ), kaolinite (Yavuz et al. 2003 ) and francolite (Prasad et al. 2002) . It should be noted that the values of the Langmuir parameters C m and b reported in Table 3 for p-HAp are significantly higher than those obtained for CAp. These results confirm the higher affinity of the porous hydroxyapatite towards Pb(II) ions relative to the commercial product (CAp).
CONCLUSIONS
This study has shown that porous hydroxyapatite is an appropriate and more efficient immobilization medium for Pb(II) ions in aqueous solutions relative to a commercial hydroxyapatite sample. This is a consequence of the lower crystallinity and higher porosity of the former with respect to the latter material. The Langmuir isotherm model fitted the experimental equilibrium data reasonably well and was found to be superior to the Freundlich equation. The maximum uptake capacity of Pb(II) ions at 30°C was 2.30 mmol/g for the porous hydroxyapatite.
The presented results show that the interaction of Pb(II) ions with the hydroxyapatitic phase involves the dissolution of Ca 10 (PO 4 ) 6 (OH) 2 followed by the precipitation of a Ca 10 -x Pb x (PO 4 ) 6 (OH) 2 solid solution. Thus, porous hydroxyapatite can be considered as a potential adsorbent for the remediation of contaminated industrial wastewaters. 
